Short nucleotide sequence repetitions in DNA function significantly in biology. Their most likely source is "dislocation mutagenesis," a process whereby one DNA strand serves as a template for perfecting partial sequence repetition by directing substitution of one or more nucleotides into the misaligned complementary strand (28, 29) . Once established, such sequence repetitions can be increased by duplication or lost by deletion, with both genetic events being guided by hybridization between complementary components in the misaligned strands during replication (31) . These events, apparently confined in proximity to 1 to 2 kb (the length of a typical gene) by the length of a replication fork, appear to be RecA independent (9, 31) , in contrast to large sequence-guided mutations which depend upon RecA-mediated recombination.
The loss of nearby sequence repetitions through sequenceguided deletion between them can be envisioned as advantageous in eliminating DNA that no longer serves a useful function. In this view, dislocation mutagenesis perfects quasirepeats into repeats (28, 29) , and replication through misaligned strands creates deletions (31) eliminating DNA that is not selected (1) . Ironically, formation of sequence repetitions may help to stabilize newly evolving genes formed by duplication. Until sufficient nucleotide sequence divergence is achieved, RecA-mediated recombination is likely to create deletions whereby newly duplicated genes are lost. This creates a demand for rapid nucleotide substitution (23) , and the demand could be met by multiple mutations introduced by dislocation mutagenesis as it creates separate patterns of short sequence repetition within newly duplicated genes. Such events may account for distinctive patterns of internal sequence repetition observed in homologous genes in which these repetitions presumably have been stabilized by conventional substitution of single base pairs (15, 19, 21, 23, 30, 35, 36, 44) .
Some sequence repetitions must be conserved because they serve a clearly beneficial purpose. For example, they are found in origins of replication (6) and in operators that help to govern transcription. The interplay between contrasting forces, i.e., loss of DNA by sequence-guided deletion against maintenance of sequence repetition for useful function, was illustrated by genetic investigation of pcaO, the operator that governs transcription of the pca-qui operon in Acinetobacter baylyi strain ADP1. The operator contains three perfect 10-bp repeats, one palindromic and the other direct and separated by 10 bp. The repeats contribute to strong binding of the PcaU regulatory protein and thus are beneficial (41) . The risk inherent in using sequence repetitions for this purpose is evident in the fact that selection for spontaneous mutants with impaired regulation of pca structural gene transcription frequently yielded strains that had undergone 20-bp deletions evidently guided by misalignment of the 10-bp direct repeats (13) .
Contributions of short proximal sequence repetitions to gene loss, gain, and function beg questions about their stability. For example, if lengthy gene duplications are to be stabilized by acquisition of short internal sequence repetitions, the latter must be relatively if not completely stable. If short sequence repetitions can be beneficial, how long and how close can they be before there is significant risk of their loss through deletion? These questions have been addressed with several bacterial and phage systems (39, 40, 45) , and the general conclusion is that the frequency of RecA-independent deletion increases sharply as the length of repeats increases and the distance between them decreases.
A different system for exploring RecA-independent deletion was presented by the phenotypic properties conferred by pcaG1102, a 30-base-pair deletion causing a temperature-sensitive phenotype allowing growth of A. baylyi strain ADP1 with quinate at 20°C but not at 37°C (14) . The affected gene, pcaG, encodes protocatechuate 3,4-dioxygenase, which initiates one of the central metabolic sequences in the ␤-ketoadipate pathway (24) . As shown in Fig. 1 , 10 of 11 nucleotides, repeated in the wild-type pcaG sequence, are likely to have guided the pcaG1102 deletion in the wild-type strain. This suggested that the influence of sequence repetition on deletion frequency could be explored by selecting mutants that acquired pcaG1102 by loss of DNA engineered so that it contained repetitions with varied lengths and distances of separation (Fig. 1 ). Advantages to this investigation were the ease with which A. baylyi can undergo manipulation by natural transformation (48) , the background given by prior studies of spontaneous mutations in A. baylyi (14, 18, 47) , and evidence suggesting that acquisition of sequence repetitions contributed to divergence of this chromosomal gene (22) .
To calculate mutation frequency, a direct assessment method called precision plating was developed in order to avoid the issues of indirect statistical methods based on mutant frequency, such as the method of the median and the fluctuation tests (34, 42) . Mutants were constructed so that their pcaG genes contained variations in repeat sequences capable of producing a selectable phenotype following a specific deletion, as illustrated in Fig. 1 . Deletion frequencies of the various mutations were determined and compared with repair frequencies of three different single-base mutations. The influence of recA, recG, and mutS knockout mutations on the frequency of sequence-guided deletion was assessed.
MATERIALS AND METHODS
Plasmid and strain construction. Table 1 lists the strains and plasmids used in this study. Molecular biology manipulations were performed using standard manufacturer protocols. Cells of A. baylyi were made naturally competent by published methods (26) . Crude lysates were prepared by the resuspension of pelleted cells from a 1.5-ml culture in 500 l of lysis buffer (26), followed by incubation at 60°C for 1 h.
Introduction of variant sequence repetitions into pcaG. The initial pcaG variants were derived from pZR2, a pUC18-derived plasmid containing pcaG and neighboring genes associated with protocatechuate metabolism (16, 46) , using primers listed in Table S1 in the supplemental material. pZR2 was modified using the Stratagene QuikChange site-directed mutagenesis kit (37) with primers TSPG-BSU/D, generating pZR7700, which contains a frameshift and stop codon between the two imperfect wild-type repeats forming pcaG7700. pZR7700 was then modified with the QuikChange kit using primers TSPG-COU/D, introducing a silent T · A substitution making the repeats perfect and generating plasmid pZR7701, containing pcaG7701 (Fig. 1 ). Natural transformation with each plasmid followed by selection for replacement of the pcaG::sacB-Km r cassette (25) in strain ADP8534 generated strains ADP7700 (pcaG7700) and ADP7701 (pcaG7701), respectively. The recombinant strains were selected at 22°C on LB plates containing 5% sucrose, and excision of the Km r marker was confirmed by determining absence of growth on 10 mM succinate plates containing 15 g ml Ϫ1 kanamycin (25) . The recipient strain ADP8534, provided by Alison Buchan, was generated by insertion of the sacB-Km r cassette from pRMJ1 (25) into the locus of a 1.0-kb deletion beginning at residue 90 of pcaH.
pZR7701 was used as a template for the creation of all other pcaG variants, except for a few which used other variants closer to their size to improve primer binding. A set of primers was chosen which corresponded to repeat lengths and repeat gaps of various sizes, designated LXX or IXX for a repeat or gap of length XX base pairs, respectively (see Table S1 in the supplemental material). Inverse PCR (iPCR) (37) was performed using combinations of phosphorylated LXX and IXX primers and Pfu Turbo polymerase in a 50-l reaction mixture; the reaction was verified on a gel. Half of that reaction mixture was removed and 1 l of DpnI restriction enzyme added to digest parental template. A portion of that product was used in a 10-l reaction mixture with high-concentration ligase for 30 min at 37°C. The resulting product was then transformed into DH5␣ as per the manufacturer's protocol and selected by demanding growth in the presence of 100 g ml Ϫ1 ampicillin. Plasmids were purified and commercially sequenced with sequencing primer HG4 to verify their structures.
For nine of the variants the combinatorial approach was not suitable, and thus conventional two-primer site-directed mutagenesis was used (see Table S1 in the supplemental material). iPCR was performed on the template plasmid with the primer pairs and Taq polymerase under the same conditions as described above, and the product was digested with DpnI and transformed directly into DH5␣, allowing the identical ends of the linear product to recombine in vivo and generate the desired result. DNA from plasmids containing the desired pcaG mutations was introduced into strain ADP8534, and recombinants in which the sacB-Km r cassette had been replaced by the mutant pcaG DNA were selected at 22°C on LB plates containing 5% sucrose.
Introduction of knockout mutations. Strain ADP7786 (recA::Km r ) was generated by transforming strain ADP7718 with lysate of strain ADP197 (20) , followed by selection for growth on plates containing 10 mM succinate supplemented with 15 g ml Ϫ1 kanamycin. Strain ADP7787 was generated by transformation of strain ADP7718 with lysate of strain ADP7021 (47) containing a mutS::St r /Sp r mutation, followed by selection on 10 mM succinate plates containing 10 g ml Ϫ1 streptomycin and 50 g ml Ϫ1 spectinomycin. The annotated genome sequence of A. baylyi (2) was used to design primers for cloning and mutagenesis of recG. RECG-OUTL/R primers (see Table S1 in the supplemental material) were used to amplify a 3.0-kb fragment containing recG, and the amplicon was cloned with the pGEM-T Vector System I kit from Promega. Escherichia coli DH5␣ cells that had acquired recombinant plasmids were selected with ampicillin (100 g ml Ϫ1 ), and clones containing plasmids with inserts were identified as white colonies. Restriction analysis of the plasmid from one of these colonies confirmed the presence of the insert containing recG, and the plasmid, pZR7780, was used as a template for Pfu Turbo iPCR with RECG-IN-U/D2 primers (see Table S1 in the supplemental material), followed by DpnI digestion of the template and blunt-end ligation of the product to create pZR7781. This plasmid contains ⌬recG2, a 1,800-bp deletion which is in translational frame within pcaG in order to minimize transcriptional disruption of comF, which is directly downstream.
In order to introduce ⌬recG2 into strain ADP7718, the sacB-Km r cassette was inserted into recG. Site-directed mutagenesis with the RECG-BNF/R primers (see Table S1 in the supplemental material) was used with pZR7780 to create an internal BamHI site in recG, and the sacB-Km r cassette from pRMJ1 was ligated into this site, forming pZR7783. This plasmid was linearized, and its recG::sacB-Km r DNA was introduced into strain ADP7718 by natural transformation, followed by selection for kanamycin resistance. The resulting strain, ADP7784, was transformed with ⌬recG2 DNA from pZR7781, followed by FIG. 1. The direct repeat region within pcaG. Identification of the original spontaneous deletion mutation pcaG1102 led to the creation of variant repeat structures capable of undergoing deletion to generate the mutation.
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selection for growth at room temperature in the presence of 5% sucrose. A recombinant colony, strain ADP7785, was shown by sequencing to have the ⌬recG2 mutation. To confirm the absence of secondary mutations that might have been acquired during the construction of ADP7785, wild-type recG was restored to this strain by selection of a recombinant that had acquired recG::sacB-Km r from pZR7783 and restoration of wild-type recG in the recombinant with DNA from pZR7780.
Precision plating. Each precision plate contained 10 ml of minimal medium (38) in 2% American Bioanalytical agar (bacteriological) supplemented with 3 mM quinate and 1 mM succinate. The relative chemical stability of quinate made it a preferred carbon source over protocatechuate. Plates were stored at 4°C.
Strains to be tested were cultured in minimal medium supplemented with 10 mM succinate overnight. These cultures were then diluted by 10 Ϫ3 , and 50-l samples were spread on multiple precision plates and on single control plates with 3 mM quinate alone. Plates were incubated for 5 days at room temperature, at which time large colonies on the precision plates were counted and the background was verified for the presence of small nonmutant colonies and a characteristic brown tint, indicating that quinate had been metabolized to protocatechuate. Plates containing quinate alone were checked to confirm that ⌬pcaG1102 mutants were not present in significant numbers in the inoculum.
Mutation frequency was calculated as the average number of large colonies per plate divided by the nonmutant background, which was estimated to be 10 8 cells per plate. This estimate was determined by measuring the CFU in 10 ml of a liquid culture containing 10 mM succinate. Multiple mutation events may occur independently per small colony, but under the precision plating method such colonies are few relative to those with single mutation events (1% or less). Thus, the calculated mutation frequency should slightly underestimate the true mutation frequency, it but does so well within other sources of uncertainty.
Large mutant colonies were sampled at random and shown to have a heatsensitive phenotype such as would be conferred by ⌬pcaG1102. The presence of the 30-bp deletion in this gene was confirmed by sequencing it from eight of the colonies.
FIG. 2.
A sample precision plate. During the initial phase of growth, nonmutants rapidly grow to their maximum size, which is tiny. The small colonies are visible in the background of the inset. Mutations which restore function of PcaG allow growth with quinate and produce the large colonies visible in both pictures. The small colonies cease growth after 2 to 3 days; identifiable mutant colonies appear after 3 to 4 days and reach a readily distinguishable size by 5 to 6 days. 
RESULTS
Growth on precision plates. The protocol used in this study determined differences in the amounts of growth with two substrates, succinate and quinate (Fig. 2) . After inoculation, thousands of nonmutant colonies growing nonselectively on succinate appeared, reaching their full but tiny size by 2 days. At this time, slightly larger colonies were observed. By 3 days, the larger colonies on the precision plates became more evident and a distinctive brown tint indicated metabolism of quinate into protocatechuate. At 4 days, the tint became stronger and the mutant colonies were clearly evident. At 5 days, they were all easily distinguishable from the nonmutant colonies in the background. No new mutant colonies appeared after 4 days. The overall pattern indicated that the succinate was almost totally consumed, and nonselective growth halted within the first 2 days, followed by a period of time in which mutants arising on the plate in the first phase continued to grow while nonmutants ceased growth. Occasionally, colonies appeared on plates containing quinate alone after 3 days of incubation. The presence of these colonies indicated that mutations had occurred in the inoculum, and therefore data from the corresponding precision plates were not recorded.
Evaluation of the precision plating method. The first quantitative test of precision plating was to determine that it provided reproducible results. For these experiments, strain ADP7718 was used because it produced about 80 deletion mutant colonies per plate, allowing relatively high accuracy with few trials. As indicated in Table 2 , there was some variation from experiment to experiment, but the number of mutant colonies did not vary greatly from the average value. Possible sources of the variation were explored, as summarized in Table 3 . Doubling the inoculum size did not significantly vary the number of mutants that arose on precision plates, and only a slight increase in number was evident in plates containing twice the amount of quinate or twice the volume of medium. Doubling both the quinate amount and plate volume gave essentially the same results. Doubling the succinate amount led to somewhat less than the predicted twofold increase in mutant colonies, perhaps because these plates were crowded and other factors may have contributed to limitations in growth. To compensate for variation, it is therefore presumed that nonselective growth can vary by as much as 5%, and confidence limits have been determined by using the upper and lower values for this variation in the calculation of the corresponding Poisson confidence limits (11) .
Comparison of deletion frequency with frequency of other types of mutation. Since the investigation was designed to determine limits imposed by sequence repetition on genetic stability, the frequency of several misalignment mutations giving rise to ⌬pcaG1102 (Fig. 1) was compared with the frequency of reversion of small mutations inactivating pcaG. Frequencies for three of the latter mutations were assessed. As shown in Table 4 , mutations requiring a base substitution, a single base insertion, or a single base deletion occurred, which gave rise to revertant colonies with a frequency of no greater than 1.5 per plate. With the caveat that the growth yield on plates may not be the same as that in liquid culture, this mutation frequency can be reported as 1.5 ϫ 10 Ϫ8 . Included in Table 4 are results showing that deletion mutations apparently guided by sequence repetition occur with significantly higher frequency. For example, a sequence repetition of 8 bp in length and 12 bp apart in distance (indicated as L08-D12 in Table 4 ) gave rise to deletion mutant colonies with a frequency of 6.6 ϫ 10 Ϫ8 . a In precision plating the total amount of a growth substrate per plate determines the amount of growth; therefore, for succinate (SUC) and quinate (QUI) the total amount per plate rather than the concentration is given. Plates were inoculated under standard conditions with 50 l of a 10 Ϫ3 dilution of an overnight culture. Deletion frequency is sequence dependent. The primary objective of the investigation was to determine how the length of sequence repetitions and the distance between them influenced the frequency of deletions. A third factor, the nucleotide sequence in the repeated region, also can make a contribution, as demonstrated by the data reported in Fig. 3 : 10-bp tandem duplications differing by a single nucleotide gave rise to deletions of twofold-lower frequency. It could therefore be expected that deletion frequency dependence on length and distance might represent general trends but not absolute values.
Overall assessment of contributions of repetition length and intervening distance to deletion formation. Measurements of the contributions of different patterns of sequence repetition to the frequency of deletion formation are presented in Table  S2 in the supplemental material and summarized in Fig. S1 in the supplemental material. Two trends are evident. First, for repetitions separated by a constant distance, deletion frequency increased with increasing length. As shown in Fig. 4 , the relationship is not linear, and curves to fit the data could be exponential or polynomial. In light of variations attributable to sequence variation, it would be unwise to place a mechanistic interpretation on the curves. Second, deletion between repetitions of constant length falls off sharply as the distance between them increases (Fig. 5) .
Limits of the contribution of nucleotide sequence repetition length and distance to deletion formation. The data presented in Fig. S1 and Table S2 in the supplemental material allow two conclusions to be drawn about how sequence repetition can influence the frequency of deletion formation. As a lower limit, a sequence repetition of 8 bp or greater in length was required for deletion frequencies to rise significantly above 1.5 ϫ 10 Ϫ8 , the threshold established for reversion of single-base-pair variations as presented in Table 2 . The contribution of the other parameter, the distance between sequence repetitions, was more elusive. Deletions occurred with a frequency of 7.2 ϫ 10 Ϫ8 in strains containing repetitions of 12 bp in length separated by 30 bp (see Fig. S1 in the supplemental material).
Contributions of other genes to deletion formation. Other investigations (4, 7, 32, 33) have shown that deletions between short and nearby sequence repetitions do not require recA, and the present investigation provides qualitative support for this conclusion. As shown in Table 5 , inactivation of recA in strain ADP7786 did not prevent formation of the deletion mutation between repeated sequences. Recovery of mutant colonies was low in comparison with that from an organism containing the same repetition in a wild-type recA background (Table 5 ), but the low value could be attributed to the failure of the recA mutant to give rise to viable cells on precision plates. In keeping with the findings of others (3, 17) , inactivation of MutS, which is known to guide repair of base mismatches and small (Table 5) . RecG catalyzes fork reversal at stalled replication forks (43) . Evidently, impairing this function leads to an increase in single-stranded DNA which can undergo slippage leading to mutation, because a recG-deficient mutant exhibited a twofold increase in the frequency of deletion (Table 5) , similar to what was found in previous studies (5) .
DISCUSSION
The 30-bp spontaneous deletion giving rise to ⌬pcaG1102 from a wild-type background appeared to be sequence guided (Fig. 1) . There is no reason to believe that the wild-type guiding sequence repetitions cause a genetic hot spot, because the mutation is only one of hundreds recovered after selection for strains with defects in pcaHG (18) . More frequently occurring examples of spontaneous sequence-guided mutations are the 20-bp deletions, apparently guided by 10-bp perfect sequence repetitions, that predominate in causing defects interfering with expression of the pca operon (13) . In this situation, the threshold for maintenance of genetic stability in the presence of sequence repetition appears to have been passed, and the 10-bp direct sequence repetitions appear to have been conserved only because they serve a beneficial function in regulation of pca gene expression.
The question to be addressed is how extensive sequence repetitions can be before they cause deletions to occur with frequencies that significantly exceed those for other kinds of spontaneous mutation. The experimental system based upon sequence-guided mutations giving rise to ⌬pcaG1102 presents advantages because the unusual heat-sensitive phenotype it confers allows simple surveys to confirm that it indeed was the mutation that was selected. Additional significance comes from the broad biological distribution of pcaHG (8) and evidence that acquisition of sequence repetitions was an important step in evolution of the genes (22) . Strain construction was simplified by the ease with which A. baylyi undergoes natural transformation and the distinctive metabolic system, which allow the design of precision plates.
Mutation frequencies from precision plates must be taken as approximations, because the cell number of 10 8 per plate is a rough estimate based on the amount of growth in liquid culture. In addition, cells growing on precision plates clearly are approaching starvation, and thus caution should be exercised in extrapolating the mutation frequencies observed in this study to those that occur in exponentially grown cultures. On the other hand, it is improbable that most mutations occurred in rapidly growing cell lines during evolution, and the relative deletion frequencies appear to give an accurate measure, over a range of more than 100-fold, of how the nature of sequence repetitions influences deletion frequencies. The major factors considered here were the lengths of repetitions and the distances between them, yet it must be noted that small differences in sequence had a twofold effect on deletion frequency.
With respect to the central question, i.e., how the properties of sequence repetitions may foster genetic instability, evidence emerges from identification of structures causing the frequency of sequence-guided deletions to be significantly above the frequency with which changes of a single base pair revert (Table  4) . By this criterion, it appears that perfect repetitions of up to 7 bp are unlikely to foster deletions, that some instability is evident at 8 bp, and that at 9 bp or higher deletions will arise at a rate that would favor extinction in the absence of positive selection. It is difficult to draw an equally forceful conclusion about the contribution of the distance between repetitions. Sequence interactions leading to deletion were evident with repetitions separated by 30 bp, so a significant range of targets seems to be available if acquisition of sequence repetition is to be used as a mechanism for eliminating DNA that no longer serves a useful function.
The results described here with chromosomal A. baylyi pcaG support conclusions obtained with repetitions in plasmids (9), phages (40) , and chromosomes (10) from other bacteria. In keeping with additional findings, sequence-guided deletions giving rise to ⌬pcaG1102 were independent of MutS (3, 17) and, although only qualitative results were available for pcaG, RecA (10, 12) . The twofold increase of sequence-guided deletion in a RecG background is consistent with the threefold increase observed with a similarly mutated E. coli strain (5) and suggests that defects in resolution of replication forks, the presumed consequence of RecG inactivation, increase the frequency of misalignment that can lead to deletion when replication proceeds. The annotated genome of A. baylyi (2) opens a direct avenue to investigation of the contributions of additional enzymes of DNA metabolism to sequence-guided deletion.
